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INTEGRATED SENSORS: AN INTERDISCIPLINARY CHALLENGE 
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Entirely new sensors are emerging that are either of a microelectronic 
circuit or are made by integrated circuit fabrication techniques. These 
small integrated sensors interface naturally with microprocessors, and 
they are capable of being made economically and reproducibly. Integrated 
sensors for at least the following quantities have been built and tested: 
mechanical variables (force, pressure, acceleration, normal and shear 
stress, proximity); electromagnetic fields (electric field, magnetic 
field, infrared and visible light); temperature; chemical quantities (ions 
in solution, vapors); and biological quantities (internal temperatures, 
ions in solution). 
These sensors typically incorporate integrated electronic circuitry 
for signal conditioning. Many rely on the excellent mechanical properties 
of silicon and the ability to form tiny cantilever beams, bridges, and thin 
membranes by etching. These sensors may employ materials not used in 
integrated circuits, such as piezoelectric and pyroelectric films, polymers, 
and biological substances. Thus, an interdisciplinary approach is essential 
in the development of new types of integrated sensors. 
INTRODUCTION 
A revolution is occurring in the design of sensors that produce an 
electrical output which represents the value of physical quantities such 
as pressure, magnetic field, or vapors in the atmosphere. Designers are 
applying integrated circuit fabrication techniques to form the sensing 
elements, and are including on the same silicon die integrated electronic 
Integrated sensors are the subject of research in universities world-
wide, with particularly strong programs in Delft and Munich, in Japan, 
and a number of U.S. schools, such as the universities of Michigan, 
Wisconsin, and California at Berkeley, at MIT and Stanford, and at Case-
Western Reserve. Industrial activities appear strongest in Japan--for 
example, at Hitachi, Toshiba, and the Sharp Corporation. In the U.S., a 
number of new, relatively small firms are entering the market along with 
established companies such as Honeywell. 
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INTEGRATED PYROELECTRIC 
COMPENSATION CAPACITOR IPCCl 
Fig. 1. Schematic drawing of miniature silicon integrated accelerometer 
[1]. The cantilever beam, made by photolithography and chernical 
etching, deflects when the die is accelerated normal to its 
plane. This strains the piezoelectric zinc-oxide thin film, 
producing a voltage that is proportional to deflection and hence 
to acceleration. A second, unstrained zinc-oxide film connected 
in series with the first, provides temperature compensation by 
balancing out the pyroelectric voltages developed by both films 
as a result of temperature changes. 
circuits for signal conditioning and possibly other functions. These 
integrated sensors are small, reproducible, potentially inexpensive, and 
fast. One may now make sensors that respond to several different input 
variables. Because of their small size and low cost, one may now consider 
using disposable sensors, particularly when monitoring biological and 
tirne-dependent mechanical processes. 
An example of an integrated sensor is shown in Fig. 1 -- an integrated 
accelerometer that ernploys a tiny cantilever beam and a piezoelectric film 
as its sensing elements [1]. Note that the square die is only 0.7 rnrn on 
a side. A single field effect transistor, whose gate is connected to the 
piezoelectric film, produces the output signal. A second, unstrained 
zinc-oxide film connected in series with the first, provides ternperature 
compensation by balancing out the pyroelectric voltages developed by both 
films as a result of temperature changes. 
We attempt below to give a flavor for integrated sensors by comrnenting 
briefly on sensor needs and the phenornena one rnight use to realize partic-
ular sensing functions. We then examine fabrication techniques used for 
making integrated sensors, and finally look at representative exarnples of 
actual integrated sensors. 
SENSOR NEEDS 
One rnay organize sensors by the type of variable that is sensed. Thus, 
when discussing representative integrated sensors below we will arrange 
thern by variable sensed in the following order: rnechanical, acoustic, 
electric, magnetic, thermal, optical, radiation, chemical, biological, and 
miscellaneous. Other useful classifications are possible. For exarnple, 
in considering the end uses of sensors (such as autornotive, horne appliance, 
and space applications) one is struck by the diverse constraints that may 
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apply, in terms of cost, reliability, nature of the ambient that must be 
tolerated, size and weight, maintenance options, and the like. 
PHENOMENA THAT MAY BE USED IN SENSORS 
In principle, when faced with the need for sensing some variable, the 
designer chooses the most suitable from a set of candidate phenomena that 
may be used for sensing. In fact, the decision is more complex, involving 
issues of fabricability, availability and suitability of commercial 
sensors for the purpose, and often the familiarity of the designer with 
particular phenomena and technologies. Table 1 lists some physical, 
chemical, and biological phenomena that may be used for sensing certain 
types of variables. 
Table I. Examples of phenomena that can be used in sensors 
Type of variable to be sensed 
1. PHYSICAL PHENOMENA 
thermal-electric 
photo-electric 
pressure-electric 
magnetic-electric 
2. CHEMICAL PHENOMENA 
oxidation-reduction 
ion exchange 
catalysis 
electrochemical effects 
3. BIOLOGICAL PHENOMENA 
presence of antibody, antigen 
presence of enzyme 
Some phenomena that might be used 
thermoelectric effect 
pyroelectric effect 
photoconductive effect 
photovoltaic effect 
piezoresistance effect 
piezoelectric effect 
Hall effect 
Josephson effect 
surface oxidation-reduction reaction 
intramembrane transport 
oxidation by catalysis 
electrochemical cell 
antigen-antibody reaction 
oxidation by enzyme 
One typically has a number of options: for example, in order to sense 
pressure one may use the piezoresistive effect in a semiconductor membrane, 
employ the piezoelectric effect of an overlying film to measure deflection 
of a beam or membrane, or take a strictly electrica! approach and measure 
the change of capacitance between a fixed electrode and one deposited on a 
deflecting membrane. The designer who is disposed to take a primarily 
"circuit" approach may prefer the capacitive method, while another with 
more of a "device physics" bent might opt for using the piezoelectric effect 
in the membrane material itself. 
The sensors described in later sections will show the application of 
a number of the phenomena listed in Table I. 
One example of a commercial sensor that shows the choices that the 
designer faces is the magnetic field sensor die shown in Fig. 2. The 
designers chose to use the Hall effect, which required mastering the process 
of high-volume manufacture of permalloy films, not a part of conventional 
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Fig. 2. Hall effect magnetic field sensor made by Honeywell, Inc. for use 
in contactless keyboards and swit ches. Signa l cond itioning 
c ircuitry appears a round the t wo rec t angular permalloy films. 
IC t echnique. A choice was a lso made to include a substant ial amount of 
integrated circuitry on the s il icon die to process the output for input 
into a digital system for interpretation. I t is claimed that millions of 
these sensor dies have been made for use in contactless keyboards and 
switches where they are mounted near sma.ll permanent magnets. 
Recently an experimental ali-silicon magne tic field sens or has been 
described tha t r e lies on the deflection of a domain of moving electrons 
and ho les produced by a transv er se magnetic f ield [2). Thi s sensor can be 
made in a conventional IC fabricat i on line as it involves no unusual 
materials or processing steps. 
A pervasive concern is the independence o f a sensor from the influence 
of variables othe r than the one for whi ch it is designed. Some of the 
phenomena in Table I are very se l ective--antigen-antibody reactions and 
some chemical react i ons, for exampl e. In contrast, we have a lready ne ted 
in connection with the accelerometer of Fi g . 1 the need for tempe r a ture 
compensa tion, a requirement that occurs frequently in many sensors. Several 
approaches neted later are the use of mult isensor devices with an-chip and 
off-chip correction for disturbing influences such as temperature, and the 
use of a pattern recognit ion ap proa c h t o i nfer the actual val ues of the 
variables sen sed when t he sensor is not entirely selective in its response . 
The packaging of a sensor often poses dif f i cult problems s ince the packa ge 
may interact with the envir onment or distort sensor response . Thus, bio-
logica! sensors destined for in vivo use must be packaged in biocompat ible 
ma t erials , and with vapor sensors one mus t minimize gas abs orpt i on and 
later release by the package. 
FABRICATION 
The c hief mo tiva tion fo r employing integr a ted sensor s is the advantage 
of using IC f a brication processes in their manufact ure [3 ). These tech-
niques inc lude pattern de f inition, pho tolithography with spun-an liquid 
light- or elect ron-sens i tive resists , we t (chemi ca l ) o r dry (pla sma) 
etching of protective layers or the silicon itsel f, dif fusion or ion 
i mplantation of dopants, and deposition of elect rica! conduc tors. Making 
integr ated sensors may involve some special techn i ques which we new 
describe. 
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Micromachining 
The key step in making many intcgrated sensors is controlled etching 
of the silicon to form tiny mechanical elements--thin membranes, cantilever 
beams, bridges, and tiny apertures. Kurt Peterson introduced many engineers 
to such patterning of silicon and its use as a mechanical material, 
originating the term "silicon micromechanics" [4]. These structures can be 
designed to respond to pressure, acceleration, and vibration if suitable 
transducing means are provided to produce an electrical output. Inciden-
tally, optical readout means are also possible (for example, the position 
of a thin membrane that deflects under the influence of external pressure 
may be detected optically) and are likely to be used increasingly in the 
future. 
Anisotropic, or orientation-dependent, chemical etches are often used 
to form membranes and beams whose thicknesses may range from tens of microns 
to substantially less than one micron. Typically, either potassium hydroxide 
(KOH) or ethylene diamine with pyrocatechol ("EDP") is used. These etches 
attack <100> planes rapidly (the etch rate is about 50 microns/hour) and 
they etch <111> planes very slowly. To form a silicon membrane only a few 
microns thick, one may (i) dope the top surface of a silicon wafer heavily 
with boron to a depth of a few microns, and then (ii) etch from the bottom 
side with either KOH or EDP. The etch rate drops by several orders of 
magnitude when the silicon doped with boron to concentrations above 5 x 1019 
cm-3 is reached, leaving the desired membrane. 
A vibration spectrum analyzer [5] roade by etching to leave resonant 
cantilever beams is shown in Fig. 3. This device could be roade with silicon 
Fig. 3. Integrated vibration sensor [5]. Photo shows array of resonant 
cantilever beams etched in silicon. Polysilicon piezoresistors at 
supporting ends of beams sense strain of each beam that vibrates. 
Resonant frequencies range from 0.87 kHz to 1.96 kHz. 
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beams or with beams formed by (i) growing a thermal oxide or silicon 
nitride coating, (ii) patterning it, (iii) etching through it to expose 
bare silicon between the beams, and then (iv) etching away the underlying 
silicon using either an orientation-dependent or isotropic etch. 
Thin Films 
In order to detect strain, the piezoresistive effect (change of 
electrical resistance with strain) of silicon itself may be used, or a 
thin film of a piezoelectric material may be deposited on the micromechan-
ical sensor structure, as in the accelerometer of Fig. 1. The technique 
for depositing piezoelectric zinc-oxide (ZnO) films, developed and used 
for making surface acoustic wave (SAW) TV-IF filters and other devices [6], 
has been employed in sensors, both experimentally and commercially. A high-
quality ZnO film prepared by RF-magnetron-sputtering (Fig. 4) has a columnar 
structure, and the film has both piezoelectric and pyroelectric properties 
that are nearly equal to those of bulk ZnO. 
Integrated sensors may employ thin polymer films to absorb vapors from 
the surrounding atmosphere. This absorption produces a change of both the 
polymer's electrical properties (dielectric constant) and mechanical 
properties (mass density, elastic stiffness, and possibly thickness because 
of swelling). The presence of the absorbed molecules may be detected in 
several different ways: by the change of capacitance between electrodes 
beneath the polymer, by the change of resonant frequency of a cantilever 
beam or bridge on which the polymer is deposited (see Fig. 5), or by the 
change of phase velocity of an ultrasonic wave propagating along the surface 
of a silicon die or on a silicon membrane. Polymer films may be spun on 
like photoresist, sprayed, or produced by dipping or plasma deposition in 
thicknesses ranging from hundreds of angstroms to tens of microns. 
Packaging 
The sensor package should not distort the fields being sensed, but it 
should protect the sensitive circuitry of the sensor from damage by the 
ambient atmosphere. Packaging requirements vary. An accelerometer package 
totally encloses the sensor inside it. On the other hand, some parts of a 
Fig. 4. SEM view of cross-section of 1-micron-thick sputtered films of 
piezoelectric and pyroelectric zinc oxide. The long axes of the 
individual columns seen here are perpendicular to the substrate 
surface and parallel to the hexagonal crystal axis. 
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Fig. 5. Polysilicon bridge located about one micron above supporting 
silicon wafer. Mechanical resonance frequency of bridge, designed 
for use in vapor sensing, is measured by driving beam and finding 
its displacement as a function of frequency by capacitive sensing 
with electrodes located beneath the bridge [27]. 
vapor sensor must be exposed to the atmosphere and so the integrated 
electronics may need to be passivated with thin layers of silicon dioxide 
or silicon nitride. Sensor packaging often poses serious engineering 
problems, and packages may account for most of the cost of an integrated 
sensor. 
REPRESENTATIVE INTEGRATED SENSORS 
We will now mention briefly selected examples of sensors that are 
either truly integrated sensors or that utilize IC fabrication techniques 
in their realization. 
Mechanical: Displacement sensing is fundamental to the measurement of many 
mechanical quantities such as position, acceleration, static or dynamic gas 
or liquid pressure, and surface forces (tactile sensing). Micromechanical 
membranes and beams, mentioned above, have been used in many of these types 
of sensors; capacitance changes, ultrasonic velocity variations, piezo-
electric thin-film response, or optical effects such as change of optical 
interference have been used to measure the amount of deflection. Commercial 
sensors employing these principles are available (for example, from 
Honeywell, Inc., and Transensory Devices, Inc.). Experimental tactile 
sensing arrays for detecting normal or shear forces on plane or curved 
surfaces have also been based on conversion of a force distribution to an 
optical image, which is detected by a solid-state camera chip; photoetched 
silicon wafers can be used in this device as a mold for casting precise fine 
scale features in deformable rubbery skins [7]. 
Acoustic: Given the pressure sensors that have been based on the deflection 
of thin membranes, one can expect in the future to see miniature microphones 
integrated on the same chip as speech-processing integrated circuitry. 
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Electric: Microdielectrometry is the name given by Senturia to the sensing 
of changes of complex dielectric constant with a special field-effect 
transistor structure [8]. An electrically-driven interdigitated electrode 
couples capacitively to the floating gate electrode of a field-effect 
transistor whose source-drain current is monitored. Changes of the dielec-
tric permitivity may be correlated with chemical and structural changes 
taking place in many substances. This effect is used in a commercially-
available system, employing disposable sensors, that can follow the curing 
of epoxies and reinforced composite materials, since changes of the dielec-
tric permitivity may be correlated with chemical effects and structural 
changes taking place. 
Magnetic: (Discussed above) 
Thermal: The ability to make small-area thin membranes by etching permits 
us to realize structures which have a small heat capacity because of their 
small volumes. Heat generated or absorbed near the center of a thin dia-
phragm or bridge will thus produce a rapid temperature rise because of the 
low heat capacity and the relatively high thermal resistance that exists 
between the center of this structure and the surrounding wafer. 
These properties have been exploited in a number of miniature thermal 
devices. Guckel and Burns [9] have electrically heated free-standing 150 x 
20 square micron polysilicon filaments to 1000°C--causing emission of 
radiation having a peak intensity at about 2.3 microns wavelength. Thermo-
piles have been made of alternating series-connected thin-film dissimilar 
metal theromcouples deposited on a thin membrane. In another device, 
radiant thermal energy absorbed at the surface of a thin membrane produces 
a temperature rise that is sensed with the pyroelectric effect in a thin 
zinc-oxide film. This device is one of nine sensors included in the multi-
sensing chip of Fig. 6 [10]. The 64-element monolithic pyroelectric infra-
red imager is at the upper left of this 8-by-9 square-millimeter die; the 
response of this monolithic imager was comparable with that of typical 
hybrid pyroelectric sensors operated at room temperature [11]. At the lower 
left of the die is shown a discrete-element radiation detector and a chem-
leal heat-of-reaction sensor [12] that produced an electrical output of 22 
millivolts for a temperature change of only 0.018K that results when a 
typical chemical reaction takes place at its surface (oxidation of carbon 
monoxide on the surface of a deposited platinum film). This die also 
contains an integrated anemometer [13] consisting of a central heater with 
two pyroelectric zinc oxide sensors located upstrearn and downstream in the 
gas flow; the mass flow rate is derived from the measured temperature 
difference. A similar Transensory Device gas flow sensor recently described 
[14] employs the change of resistance with temperature of 540-micron-long, 
150-micron-wide bridges suspended in channels through which the gas flows. 
The gas flow rate is inferred from the electric power input to thin-film 
resistors in the membranes required to maintain Lhem 25°C above the ambient 
tempera ture. 
Optical: Many commercial solid-state optical sensors are available, employ-
ing charge-coupled devices (CCDs), and photovoltaic and photoconductive 
effects. 
Radiation: This field is also well developed, with sensors widely available 
commercially. 
Chemical: Among the problems of intere~t in chemical sensing are the meas-
urement of pH and determining the chemical composition of vapors and 
liquids. Possible applications range from inexpensive automated lab 
analysis to warning personnel of dangerous spills and gas leaks. Wohltjen 
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9\.I,.FACE- ACOUSTIC 
WAVE CHEMIC AL 
VAPOR SENSORS 
Fig. 6. Experimental multisensor die that measures 8 by 9 rnrn2 and contains 
nine different sensors and associated signal-conditioning 
circuitry [28]. 
[15] has surveyed the many principles and devices used or proposed for 
chemical microinstrumentation. 
One device that has been studied extensively is the ISFET or CHEMFET, 
a field-effect transistor whose source-drain current is affected by ionic 
charges that arrive in its gate region from the surrounding atmosphere. 
The gate region is made selectively permeable to provide response to species 
of interest. Device stability when irnrnersed is a long-standing problem 
with these devices. An alternative approach is to form proprietary "magic 
layers" of selective materials on a thin metal electrode that is formed by 
IC processes and suspended above the gate. 
Humidity measurement, whether in a dwelling or in an electric rice 
cooker [16], is a special problem of much practica! interest. Measuring 
conductivity of metal oxide films is one approach, and the use of conductive 
or capacitive effects in selectively water-permeable continuous films or 
zeolite coatings is another [17]. 
Another approach for vapor sensing is based on measuring the change of 
phase velocity of an ultrasonic wave in an oscillator employing a surface-
wave delay line or resonator [18]. The fractional change of velocity, 
caused by adsorption of a monomolecular layer of vapor is small, but even a 
fractional change of only one part in 107 is detectable in a device operat-
ing in the low MHz frequency range since the velocity change can be con-
verted to a corresponding frequency change. SAW oscillators, formed by 
connecting an electrical amplifier between output and input of a SAW delay 
line, coated with polyrners that will absorb vapors, have detected sulfur 
dioxide, for example, down to the 70 part per billion level [19]. Such 
devices made with acoustically-thin membranes on which plate waves pro-
pagate appear capable of even higher sensitivity. The polymer-coated , 
capacitively instrumented cantilever beam device described earlier is an 
attractive alternative approach to vapor sensing [20]. 
Biologica!: Integrated sensors are expected to have a large impact upon 
biological sensing, both inside and outside the body. Extreme miniaturiza-
tion, high functionality, and low cost are the key anticipated advantages. 
Interesting areas in which sensors are sought include: determination 
inside the body of pressures and other physical variables, chemical composi-
tion of body fluids, pH, and the like: determination in test situations 
outside the body of chemical composition, pH, biochemical constituents, and 
the like. Examples of just a few sensors will now be given. 
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Barth [21) has described an implantable temperature monitoring array 
that might be useful in hyperthermic treatment of tumors. The array 
consists of up to ten individual p-n diodes fabricated in a silicon wafer 
and interconnected by thin-film electrodes deposited on the wafer. The 
wafer is then coated with polyimide, a polymeric insulator, and the silicon 
between the diodes is etched away to leave a narrow, flexible strip 
containing the linear array of diodes. The temperatures of individual 
diodes after implantation are inferred from their measured reverse satura-
tion currents. 
For detecting biologica! substances in body fluids very selectively, 
a number of workers have made devices that resemble the ISFETs mentioned 
above, but which have immobilized enzymes in the FET gate regions [22]. 
Uses include detection of glucose, urea, acetylcholine, and penicillin. 
The SAW oscillator vapor sensing technique described above has also 
been shown by Roederer and Bastians [23] to be applicable to detection of 
antigens in serum. A SAW oscillator whose crystal is coated with the 
corresponding antibody will change its frequency because of the added mass 
at its surface when immersed in a serum containing a small amount of 
antigen. 
Miscellaneous: An interesting sensor that doesn't really fit in the pre-
ceding classification is a commercial SAW "identification" sensor recently 
announced by XCI (Menlo Park, CA). Short bursts of RF energy from a wall-
mounted transmitter/receiver are picked up by antennas on a thin 1-inch-by-
3-inch ID tags located within a six-foot distance. Each tag contains an 
individually-coded, inexpensive one-port lithium niobate SAW device that is 
connected to the two antenna leads. The received electrica! signal launches 
a SAW which propagates on the lithium niobate, producing small voltages as 
it passes underneath electrodes located on the lithium niobate crystal. 
These voltages launch a uniquely-coded return RF signal that the interroga-
tion unit picks up and decodes. There can be millions of different cades, 
and the system can be used for identifying tagged parts and personnel 
located in its vicinity. 
FURTHER ISSUES AND CONCLUSIONS 
The integrated sensors described are results of a design revolution 
leading to new inexpensive, small sensors that have greater functionality 
and that interface more naturally with digital systems than previous 
sensors. 
Papers on integrated sensors and related topics appear in Sensors and 
Actuators, the IEEE Transactions on Electron Devices, Analytical Chemistry, 
Journal of the Electrochemical Society, and other journals. Topical 
conferences devoted entirely to sensors have been held annually--at Delft 
in 1983, Hilton Head Island in 1984, Philadelphia ("Transducers '85") in 
1985--and an international conference is scheduled for Japan in 1987. 
Other general conferences that include some sensor papers are the annual 
International Electron Devices Meeting (IEDM) and the IEEE Ultrasonics 
Symposium. 
This is a good time for se11sor users to express their needs, as many 
sensing approaches are now being investigated. Generally an interdis-
ciplinary approach is needed for sensor development; research and develop-
ment groups may include experts in chemistry, biology, material science, 
packaging, and the like. 
There is little agreement on how "smart" integrated sensors should be--
that is, how much signal conditioning and processing should be done on the 
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sensor die. Having standard output signal formats, at least, would help 
sensor users. A recent trend is the use of multiple sensors in a single 
device and employing a pattern recognition approach to infer the inputs 
that produced the output. An example is the integrated olfactory sensor 
[24] that contains seven different resistive metal-oxide "Taguchi" sensors. 
Each of the seven elements responds to some extent to gases of interest 
(none is entirely selective); it is the overall pattern of response that 
is analyzed to determine which gas was present. 
As a final glimpse toward the possible future of integrated sensors, 
we might consider the description given at the Transducers '85 conference 
by Dr. S. Kataoka, of the Sharp Corporation, of progress toward realizing 
an artificial retina employing a three-dimensional multilayer IC technology 
[25,26]. The technology is the subject of a ten-year Japanese industry-
university-government project that began in October 1981. The vision sensor 
will have five discrete layers--a CCD photosensor as the top layer, and 
beneath it four other layers containing, respectively, transfer circuits, 
memories, processors, and output driver circuits. Impressive progress has 
already been made in this technology that has enormous implications for 
sens ing. 
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